Optical anisotropy of neutral excitons in GaAlAs/AlAs quantum dots is investigated. Low-temperature polarization-sensitive photoluminescence measurements of single quantum dots are performed. It is found that neutral excitons (X) in the quantum dots exhibit a ne structure splitting. The ne structure splitting ranges from 10 µeV to 100 µeV and correlates with the X energy. The polarization axis of the ne structure splitting is well oriented along [110] crystallographic direction of a substrate. The orientation is attributed to the elongation of GaAlAs/AlAs quantum dots in the [110] direction of the substrate.
Introduction
Semiconductor quantum dots (QDs) keep attracting much interest due to their applications in quantum information processing and communication technologies. Therefore the detailed knowledge of symmetries and level-structure of these articial atoms in the context of the QDs structural properties is essential. Information on the symmetry of the QDs conning potential can be e.g. acquired from investigation of a neutral exciton (X) in a QD. The neutral exciton consists of an electronhole pair conned in the dot. Due to the symmetric electronhole exchange interaction the exciton splits into the dark and bright conguration. If the conning potential symmetry is lowered, the latter states split [1] due to the anisotropic long-range electronhole exchange interaction [2, 3] . The ne structure splitting (FSS) of a neutral exciton is a crucial parameter from the point of view of entangled photon generation [1] . In this paper we study the optical properties (FSS and polarization orientation) of GaAlAs/ AlAs QDs in order to get an insight into the microscopic structure of the QDs.
Experimental procedure
The sample under study consists of a type II GaAs/ AlAs double quantum well structure [4, 5] (see inset in Fig. 1 ). The appropriate choice of both GaAs and AlAs layer thickness allows to observe not only the direct recombination of excitons (Γ GaAs −Γ GaAs ) in the * corresponding author; e-mail: maciej.molas@fuw.edu.pl GaAs quantum well, but also the indirect recombination (X Z AlAs −Γ GaAs , X XY AlAs −Γ GaAs ) in the GaAs/AlAs bilayer. Additional series of sharp peaks can be also observed in the macro-photoluminescence (macro-PL) spectrum of the structure in the 1.561.68 eV energy range (Fig. 1) . Previous studies showed that the emission lines are due to natural QDs, which form during the sample growth at interface imperfections. Inside the QD, the GaAs/AlAs bilayer is replaced by Ga 1−x Al x As material (x < 0.33). This lowers the potential resulting in the QDs formation. The QDs density as low as 10 6 cm −2 was previously determined in the sample [6] . Such a low QD density allows to excite individual QDs without using metallic masks or (988) Fine Structure of Neutral Excitons . . . spectral ltering. The Ar + laser (λ = 488 nm) was used for micro-photoluminescence (micro-PL) excitation. The sample was placed on a cold nger of a continuous ow cryostat at liquid helium temperature (T = 4.2 K). The excitation light was delivered and the PL was collected via a microscope objective (spot size around 1 µm), dispersed by using a 1 m monochromator and detected by a nitrogen cooled CCD camera [7] . Polarization-resolved experiments were implemented using a motorized rotating half-wave plate combined with a xed linear polariser in front of the spectrometer in order to avoid detection artefacts related to the anisotropic response function of the setup.
Results and discussion
A typical PL spectrum of a single GaAlAs QD is shown in Fig. 2a . At the lowest excitation power only one emission line is observed, which is attributed to an X in a QD. With increasing power, next two emission lines X − , and X 2− emerge at lower energy. The emission lines are tentatively attributed to multicharged excitons. Similar detection of several excitonic lines due to dierent charge states of a dot is often reported in IIIV QDs [810] . The excitation power dependence of lines X, X − , and X 2− is presented in Fig. 2b . Intensities of emission lines increase with increasing excitation power (around linearly for X, quadratically for X − and X 2− ). At the highest excitation power a broad emission band, marked as MX in Fig. 2a emerges at lower energy range, which is attributed to a multiexcitonic emission from a single dot.
In order to identify the observed emission lines polarization-sensitive micro-PL measurements were performed. For the determination of the FSS, we rst t the dierent excitonic lines with Gaussian curves as a function of the polarization angle. The polarization dependence of the observed features is shown in Fig. 2c . It can be seen that both X and X 2− lines comprise two components linearly polarized in perpendicular directions. Their polarization axes are identical within an experimental error and the respective FSS for X and for X 2− emission can be considered equal. The X − emission line is not polarized. Our results conrm the attribution of the X emission line to a neutral exciton and X − emission line to a charged exciton. Less straightforward is the identication of the X 2− . We tentatively attribute the X 2− line to a doubly charged exciton, however more detailed studies conrming this statement are beyond the scope of this paper.
The FSS of a neutral exciton was measured in more details and the results are summarized in Fig. 3 . The related X-emission energy ranges from 1.57 eV to 1.69 eV, which suggests substantial dispersion of QDs size and Al composition inside dot and the barrier. The FSS energy of neutral excitons conned in the QDs is dispersed in a very broad range (from about 10 µeV to 100 µeV).
In the IIIV QDs the FSS usually decreases as a function of the X energy emission (the FSS is smaller for larger dots). This is due to piezoelectric eld as already discussed in Ref. [8] . The trend observed in the investigated structure is opposite, which can be related to the eect of QD elongation [11] . In order to get further information on the origin of the FSS in the investigated structure the energy dependence of the X-polarization axis was also studied, which Fig. 4 illustrates.
It was observed that in most of investigated QDs the optical anisotropy direction (dened as the direction of the lower energy component of the X emission line) coincided with the crystallographic [110] direction. Orientation of the X polarization axis along [110] crystallographic axis of the substrate suggests that the elongation of the dot along the axis has the main eect on the QDs optical anisotropy. The elongation most likely results from dierent diusion rates of Al atoms along the direction parallel and perpendicular to atomic steps of the GaAlAs/AlAs interface.
Conclusions
We have reported on detailed measurements of the FSS of single GaAlAs/AlAs QDs. We have found that the FSS ranges from 10 µeV to 100 µeV and it seems to correlate with the neutral exciton emission energy. The polarization axis of the FSS is along the [110] crystallographic direction of the substrate. It has been observed that the optical anisotropy of the investigated dots is related to the elongation of the GaAlAs/AlAs due to preferential diusion of the Al atoms along the atomic steps at the GaAlAs/AlAs interface.
